Abstract
Important Findings
Soil total phosphorus (P) levels increased substantially with P addition but were not influenced by prescribed fire. Addition of P and N led to increased P and N concentrations in live plant tissues, but prescribed fire reduced N in live tissue. Levels of tissue N were higher in all plots at the beginning of the experiment, an effect that was likely due to grazing activity prior to removal of livestock. Plant tissue N steadily declined over time in all plots, with annually burned plots declining faster than unburned plots. Prescribed fire was an important driver of standing dead and litter biomass and was important for maintaining grass biomass and percent cover. Nutrient addition was also important: the addition of both N and P was associated with greater live biomass and woody forbs. Removal of grazing, lack of prescribed fire, and addition of N + P led to a reduction of grass biomass and a large increase in biomass of a woody forb. Annual prescribed fire promoted N loss from the system by reducing standing dead and litter, but maintained desirable biomass of grasses.
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INtRODUCtION
Grasslands cover ~1/6 of the globe and produce 1/3 of the Earth's terrestrial net primary productivity (Hoekstra et al. 2005) . In addition, grasslands support critically endangered biodiversity and they are economically important as grazing lands. In many regions, grasslands are simultaneously threatened by either abandonment or more intensive management regimes (Veldman et al. 2015) . As a result, there is a strong effort among conservationists to preserve grasslands with a variety of tools, including land acquisition and conservation easements or programs on private lands (Merenlender et al. 2004) . When these modifications in protection status occur there are often changes in management regime, including dissipation of grazing and changes in prescribed fire. Grasslands that are retired from agriculture also have often been exposed to nutrient addition via fertilizer application, typically nitrogen and/or phosphorus, and these conditions may alter ecosystem response to management. Understanding how grassland structure and function responds following livestock removal will inform grassland restoration and management.
Grazing and fire affect grassland structure and biomass production through changes in composition, the abundance of litter and standing dead biomass, and nutrient cycling (Knapp and Seastedt 1986; Altesor et al. 2005; Holdo et al. 2007 ). For example, grazing resulted in the replacement of tussock grasses to prostrate grasses and increased ANPP by 51% in an Uruguayan grassland (Altesor et al. 2005) . Grazing and fire can also prevent light limitation that negatively affects productivity because without these disturbances, many tall grasses can produce a large build-up of standing dead and litter which shades out new growth (Knapp and Seastedt 1986) . Grazing can reduce N losses from fire by reducing the amount of biomass exposed to fire, and therefore grazing removal may result in greater N losses during fire (Hobbs et al. 1991; Holdo et al. 2007 ).
When grazing is removed from grasslands as a conservation practice, a consistent fire regime may be required to maintain productivity, especially in ecosystems with a long evolutionary history of frequent fire. Although fire is a major pathway of N loss due to volatilization of N (Blair 1997; Crutzen and Andreae 1990; Kauffman et al. 1995 ) the positive benefits of fire, such as the reduction of standing dead and litter, may outweigh potential detrimental effects of N loss (Knapp and Seastedt 1986 ). In addition, season of fire may have important implications for grassland structure and biomass production. Season of fire has been found to affect grassland composition, with dry season burns selecting for forbs and early wet season burns selecting for C4 grasses in subtropical grasslands (Boughton et al. 2013) .
C4 grasslands typically are N limited and thus C4 grasses have high N-use efficiency (Blair 1997; Seastedt et al. 1991) . Nitrogen addition to C4 grasslands therefore can cause a shift from C4 grasses to other species (Wedin and Tilman 1996) . In tallgrass prairie, N addition resulted in a switch from C4 to C3 grasses and increased productivity (Wedin and Tilman 1996) . However, in subtropical C4 grasslands there is not a large species pool of C3 grasses, therefore with N addition, subtropical C4 grasslands may switch to forbs, sedges and woody species. It has long been known that plants restricted to infertile soils generally have lower potential growth rates and respond less to nutrient addition than related plants from more fertile soils (Chapin et al. 1986 ). This may explain why some grasslands do not show nutrient limitation of ANPP although most grassland studies have found that N addition, and sometimes addition of both N + P, results in increases in biomass (Fay et al. 2015) . Fay et al. (2015) found that N limitation of ANPP increased with decreasing site mean annual temperature. More information is needed on how subtropical and tropical grasslands dominated by C4 grasses will respond to nutrient addition.
In Florida, where there was an estimated 800,000 ha of subtropical grassland at the time of European settlement, fire and grazing are important drivers of grassland structure and function (Bridges 2006a (Bridges , 2006b Noss 2006; Stephenson 2011) . Florida subtropical grasslands contain a prevalence of C4 grasses and rich cyperoid ground cover with very sparsely scattered palms (Sabal palmetto) and have a long evolutionary history of frequent fire. Today, the Florida grassland region is dominated by cattle ranches that contain a mosaic of grazing lands spanning intensive to native grasslands. Grasslands that are altered by drainage but contain primarily native species are known as semi-native grasslands. Though biologically impoverished in comparison with many native grasslands, especially in terms of plant species richness, they serve as preferred habitat for some native animals and represent important opportunities for grassland restoration.
In this study, our goal was to understand effects of prescribed fire and nutrient addition on structure and function in a subtropical semi-native grassland recently released from grazing. Given the importance of fire and nutrients in grassland structure and function, our study aimed to understand the interactive effects of these factors in a grassland recently released from cattle grazing. We examined responses of soil nutrients, plant tissue nutrients, aboveground biomass of live, standing dead and litter, and species composition to experimental annual prescribed fire applied during different seasons (wet season vs. dry season) and nutrient additions (N, P and N + P) over 9 years. We used C/N and N/P ratios from live tissues to assess grassland nutrient status (Koerselman and Meuleman 1996; Wedin 1995) . We hypothesized that the removal of livestock would result in decreasing N availability over time (>C/N and <N/P), and availability of N would be lower in prescribed fire plots than in unburned plots due to N lost during volatilization. However, we expected that nitrogen addition would dampen this effect. Plots that were unburned were expected to exhibit species shifts to woody species and reduction in graminoids. We expected aboveground biomass to be greatest in wet season burn plots with N additions due to coinciding increases in light and nutrient availability and a positive response of C4 grasses to wet season burns relative to dry season burns.
MAtERIALS AND MEtHODS

Site description
This study took place in south-central Florida. This area has a subtropical climate with distinct wet (May-October) and dry (November-April) seasons, and an average annual rainfall of ~1300 mm. In this region, lightning-ignited fire would have occurred just prior to the onset of the wet season (transition season; April-June) when numerous lightning strikes co-occurred with dry conditions (Menges et al. 1993; Robbins and Myers 1992) . In contrast, ranchers typically perform prescribed burns from January until March when vegetation is less actively growing, with the intention of improving the quantity and quality of palatable forage earlier in the growing season (Hughes 1975) . Pastures comprised of native forage grasses are also burned to reduce shrub cover and fuel accumulation and improve wildlife habitat (Abrahamson and Harnett 1990) .
The experimental plots were located in semi-natural (never plowed or fertilized) pasture at the MacArthur Agro-Ecology Research Center at Buck Island Ranch (MAERC), a 4170-ha commercial cattle ranch with ~3000 cow-calf pairs (Swain 1998) . The project site was located within poorly drained, relatively homogeneous, grassland dominated by native grasses, mostly C4 perennials. Dominant species included native C4 bunchgrasses, (e.g. Andropogon virginicus L., Panicum longifolium Torrey, and Axonopus fissifolius (Raddi) Kuhlm.). Common forbs are Lachnanthes caroliniana, Eupatorium mohrii Greene., Rhexia L. spp., and Diodia virginiana L., and dominant woody dicots are Eupatorium capillifolium and Euthamia graminifolia (L.) Nutt. var. hirtipes (Fernald) C.E.S. Taylor and R.J. Taylor. Prior to the experiment the area was utilized for grazing during the winter dry season (May-November) at low to moderate stocking densities (3.2-4.05 ha per cow). The project site is located on uniform Pineda fine sand and Tequesta muck, which are classified as poorly drained, loamy and siliceous soils.
Experimental design
The experiment was set up in a split-plot design. In October 2002, the ungrazed portion of the experiment (105 m by 80 m) was fenced off to prevent cattle grazing (see Boughton et al. 2013 for more details on the experimental design). Within the fenced area twelve 20 × 20 m plots (four rows of three) were created and these were each divided into four 10 × 10 m subplots. The main plot treatment in ungrazed plots was the burn treatment (wet season burn, dry season burn and unburned control). Dry season burn plots were burned annually in January from 2002-2007 to 2009-2011 . West season burn plots were burned annually in June from 2002-2007 to 2009-2010 . Burn treatments were assigned randomly within the fenced area stratified by row.
The randomly assigned subplot treatment was nutrient addition: nitrogen (N), phosphorus (P), nitrogen + phosphorus (NP), and a control, unfertilized plot. For N plots, nitrogen was added annually in March at 50 kg N ha due to difficulty in obtaining NH 4 NO 3 . Phosphorus was added annually in March at 14.3 kg P ha −1 as triple superphosphate (46% P 2 O 5 ). Nutrient addition levels were chosen to simulate typical historic agronomic fertilization rates for more intensively managed pastures planted with Bahiagrass (Paspalum notatum) under continuous grazing (Swain et al. 2007 ). This was done to simulate variation in nutrient enrichment that might be expected in areas of semi-natural grassland or abandoned pasture that differ in historical fertilizer use. For NP plots, combined N and P treatments were added annually in March of every year. This design resulted in four replicates of each prescribed fire and nutrient addition treatment combination.
Soil nutrients
Soil samples were collected in December 2004 , January 2006 and November 2011 . In 2004 , soil samples were taken from all treatment subplots using a soil core (15-cm deep by 2 cm diameter). On average, six core samples were randomly taken from each plot and bulked to yield one composite sample. All samples were sieved to pass through a 2 mm mesh. Analyses were conducted for NO 3 -N and double acid extractable P. In 2011, three (15-cm deep by 2 cm diameter) cores were collected from random locations in each plot. Samples were analyzed for organic matter, Mehlich-1 extractable P by the dilute double acid method (Sims 2000) . Nitrate was determined using vanadium chloride method (Doane and Horwáth 2003) . All samples were analyzed in a microplate spectrophotometer (µQuant Microplate Spectrophotometer, BioTek Instruments, Winooski, VT).
Aboveground biomass and tissue concentrations
Aboveground biomass was harvested annually at the end of the growing season (October-November) from 2002 through 2006 and in 2011. Biomass was sampled by selecting three random locations per subplot (n = 48, 4 reps per treatment) and clipping all vegetation within a 0.1 m 2 quadrat. Live, standing dead and litter material were separated in the lab. Harvested biomass was oven dried at 60°C and weighed. Subsamples were ground for nutrient analyses. In 2011, biomass was sorted into functional groups: grasses, forbs, Eupatorium capillifolium, and Euthamia graminifolia var. hirtipes. The last two species were kept separate because they were more abundant than any other forb and were woody. Live leaf and stem tissues were analyzed for tissue C, N and P after they were oven-dried and ball-milled (Spex Industries 8000) to less than 250 µm. Samples were sent to the University of Georgia's Stable Isotope Laboratory and the micro-dumas combustion technique was used to analyze C and N. To analyze tissue P in live leaf and stems, samples were ground with a Wiley mill, ashed in a muffle furnace, extracted with 0.2 M HCL then analyzed for extracted P colorimetrically (µQuant Microplate Spectrophotometer, BioTek Instruments, Winooski, VT).
Species composition
In October 2002, one vegetation sampling point was randomly selected within each treatment subplot and permanently marked with an iron post covered with PVC for annual sampling of species composition in November. The random species composition point represented the center of a circle with an area of 10 m 2 (10% of the area of the 10 × 10 m subplot). At each sampling, individual species percent canopy cover was assigned to one of seven classes of a modified Daubenmire scale (Daubenmire 1959 (Daubenmire , 1968 (1: 0-1%, 2: 2-5%, 3: 6-25%, 4: 26-50%, 5: 51-75%, 6: 76-95%, 7: 96-100%). The 10 m 2 circle was split into four quarters during cover evaluation to make estimations more accurate. The midpoints of the cover classes (0.5%, 3%, 15%, 37.5%, 62.5%, 85% and 97.5%) were assigned to each of the 4 quarters and then were averaged to produce a species cover value for each species in the 10 m 2 circle. Here, we analyzed the percent cover of six dominant species (E. capillifolium, E. graminifolia, A. virginicus, P. longifolium, A. furcatus, and L. caroliniana) . For a more detailed analysis of species richness and diversity see Boughton et al. 2013 .
Data analysis
Mehlich 1-P soil concentrations, aboveground biomass, litter, standing dead and tissue %P were log transformed prior to analyses to meet normality requirements. Data were analyzed with randomized block, split-plot analyses of variance. We used an 'aov' model in the R statistical program with a nested error term to account for the different spatial scales of blocks, burn treatments and nutrient treatments (Crawley 2007) . Block was treated as a random effect. Fixed effects included the main effects of burn, nutrient addition and the interaction of burn and nutrients. Year was also included in the model as an additive main effect for repeated measures of biomass and tissue nutrients; α = 0.05 was considered the level of statistical significance. Years were analyzed separately for soil analyses. All analyses were conducted in the R statistical program (R Core Team 2013).
RESULtS
Soil nutrients
Annual addition of phosphorus fertilizer either alone or in conjunction with nitrogen resulted in a significant increase in soil Mehlich 1-P concentrations (Fig. 1) . Fertilization treatments began in 2003 and by 2004 there were significant differences in Mehlich 1-P, with control and N addition plots having lower phosphorus than P or N + P addition plots (Nutrient effect, P < 0.001; Fig. 1 ). This trend continued in 2006 (Nutrient effect, P < 0.001) and 2011 (Nutrient effect, P < 0.001; full statistics found in online supplementary Table S1 ). In 2011, Mehlich 1-P was ~4 times higher in P and N + P addition plots compared to control and N addition plots. Across all years, the influence of phosphorus addition was consistent across burn treatments, with no significant effect of burning or season of prescribed fire on Mehlich-1 P levels (Burn effect There was no significant effect of nutrient addition or fire treatment on soil nitrate levels in 2011, the only year it was measured (Nutrient effect, P = 0.14; Burn effect, P = 0.7). Annual addition of P and N + P significantly increased P concentrations in live plant tissue over time ( Fig. 2A ; see online supplementary Table S2 ). Both nutrient addition (P < 0.001) and year (P < 0.001) were significant, with tissue P concentrations tending to increase over time. There was no significant effect of prescribed fire treatment or the fire by nutrient interaction on live tissue P concentrations (P = 0.48).
Tissue nutrients
There was a significant effect of N addition (P = 0.008) on live tissue N concentration and a significant year effect (P < 0.001; Fig. 2B ). An initial decrease in live tissue N concentrations across all treatments was observed between 2002 and 2003. Addition of N alone increased N concentration of live tissue in 2011 relative to the other nutrient treatments, which did not differ in live tissue N concentration. Annually burned plots had significantly lower nitrogen concentrations in plant tissue compared to plots that were not burned (P = 0.03; Fig. 3 ).
The N/P (Fig. 4A ) and C/N ratios (Fig. 4B ) varied by year (N/P: P < 0.001, C/N: P < 0.001) and were affected by nutrient addition (N/P: P < 0.001, C/N: P = 0.02) but not by prescribed fire treatment (N/P: P = 0.52, C/N: P = 0.1). After 2 years, significant divergence in tissue N/P occurred between the control and N addition plots and the plots that received P addition (N + P and P). Plots with N + P and P added had lower N/P Figure 1 : mehlich-1 soil P in different grassland nutrient addition treatments (C = control/no nutrients, N = Nitrogen addition, P = P addition and N + P = nitrogen and phosphorus addition). Over time, soil P increased in P and N + P addition treatments. Data are means ± SE (n = 4 for each treatment). ratios, with N/P lower than 11 each year and becoming lower over time. In control and N addition plots, N/P was 16.3 and 18.9, respectively, in 2004, but gradually lowered over time suggesting these plots were also losing N (Fig. 4) . In contrast, C/N ratios increased over time and did not differ among the nutrient addition treatments during the first 5 years of the experiment. At the end of the experiment, nitrogen addition plots had the lowest C/N ratio while the control, P, and N + P plots did not differ. At the beginning of the experiment, the average C/N ratio was 48.4, whereas average C/N ratio at the end of the experiment was 70.3. There were no interactions of prescribed fire treatment and nutrient addition treatments on live tissue nutrients or nutrient ratios.
Aboveground biomass
Live aboveground biomass varied across the 6 years in which measurements were made, from an average of 423.42 g m Table S3 ). Prescribed fire treatment did not significantly affect live aboveground biomass (P = 0.48). In the first 3 years of the experiment, wet season burn treatments had greater live biomass but then were surpassed by unburned and dry season burned treatments. By the last year of the experiment, unburned plots had the greatest live aboveground biomass, dry season burned plots had the second greatest and wet season burned plots had the lowest. Nutrient addition treatments significantly affected live aboveground biomass with N + P addition plots having greater live aboveground biomass than other treatments (P = 0.047; Fig. 5A ; mean ± st.dev: control: 621.7 ± 453.5, N: 563.3 ± 379.5, P: 549.7 ± 190.9, N + P: 743.0 ± 810.8). The effect of year was significant (P < 0.001).
Standing dead biomass was significantly different among prescribed fire treatments (P < 0.001) and years (P < 0.001; Fig. 5B ). Standing dead biomass was highest in unburned plots (mean ± st.dev: 470.47 ± 353.5 g m ). Standing dead biomass was highly variable among years, but was the highest in 2003, the second year of the study.
Litter biomass was significantly different among prescribed fire treatments (P < 0.001) and years (P < 0.001; ). Litter biomass was highly variable among years, but was the highest in 2002, the first year of the study.
Dominant species
In 2011, biomass was sorted to two functional groups, forbs and grasses, and two woody forbs, Eupatorium capillifolium and Euthamia graminifolia. E. capillifolium biomass was significantly greater in unburned plots (P = 0.002; Fig. 6 ) and was more abundant in N + P addition plots, although the N + P effect was only marginally significant (P = 0.07). E. graminifolia biomass was greatest in dry season burn plots (F (2,6) = 38.4, P < 0.001) and not affected by nutrients (P = 0.68; Fig. 6 ). Grass biomass was not affected by nutrients (P = 0.27; Fig. 6 ) but was effected by fire treatment, with biomass being greater in wet and dry season burn plots and significantly lower in unburned plots (P = 0.004). Forb biomass was also significantly affected by prescribed fire (P = 0.03) with greatest biomass in wet season burn plots and no difference between unburned and dry season burn plots, but was not affected by nutrient addition (P = 0.51; full statistics found in online supplementary Table S4 ).
Analysis of percent cover of six dominant species from 2002 to 2011 showed that the greatest percent cover of E. capillifolium was in unburned plots and in plots that had N + P added (Burn × Nutrient P = 0.003). The greater percent cover of E. capillifolium in unburned plots was concomitant with a decline in the dominant grasses P. longifolium and Axonopus furcatus-these species were most abundant in wet season and dry season burned plots (P = 0.008 and P = 0.02, respectively) and not effected by nutrient addition. Andropogon virginicus was also most abundant in unburned plots, but in plots without nutrient addition (Burn × Nutrient P = 0.002). Andropogon virginicus had the lowest cover in wet and dry season burned plots with N + P addition. The forb Lachnanthes caroliniana was most abundant in unburned plots without nutrients added or N addition treatments (Burn × Nutrient P = 0.006). Euthamia Table S5 ).
DISCUSSION
Management activities, such as prescribed fire and removal of grazing, can profoundly affect grassland structure and function by altering availability of light and nitrogen, and grassland responses may vary depending on nutrient availability (Blair 1997; Knapp and Seastedt 1986) . Here, we found that prescribed fire was an important driver of standing dead and litter biomass and was important for maintaining grass biomass and percent cover. Nutrient addition was also important: the addition of both N and P was associated with greater live biomass and was important for determining the biomass and cover of dominant species. Removal of grazing, lack of prescribed fire and addition of N + P led to a reduction of grass biomass and a large increase in biomass of a woody forb.
Soil nutrient levels were influenced by nutrient addition treatments but not by fire or season of prescribed fire. P addition treatments led to a significant accumulation of available P in soils, and increased plant tissue P showing that increase in P uptake did occur to some extent. The high live tissue C/N (71.8 and 73.1, respectively) and low N/P (4.0 and 3.6, respectively) in P and N + P plots, suggested the system may be N limited, which may have reduced the ability of the vegetation to take up more P.
Levels of tissue N were higher in all plots at the beginning of the experiment, an effect that was most likely due to grazing activity prior to fencing the plots. After grazing was removed, tissue N steadily declined in all plots, with annually burned plots declining faster than unburned plots. Nitrogen addition plots contained significantly greater tissue N, but N addition did not maintain tissue N concentrations as high as they were when the experiment was initiated. This supports other studies that found cattle grazing may increase available N through several different pathways (Augustine 2003; Cech et al. 2008; Hobbs et al. 1991) . Removal of grazing may also result in reduced incorporation and breakdown of litter (Wang et al. 2006) . The hypothesis that available N would decrease over time due to the exclusion of grazing was also supported by decreasing N/P ratios and increasing C/N ratios in all plots over time.
We expected that annual prescribed fire would decrease available N over time, but that this would be offset by N addition. We detected a significant negative effect of prescribed fire on tissue N, but there was no significant fire by nutrient interaction suggesting nutrient addition did not offset the nitrogen lost to fire. Past studies have shown that ~8.5 kg ha −1 (Medina 1982) can be lost to volatilization in grassland fires. This is much less than our N addition treatment which added 25 kg ha −1
. We calculated the N stock in biomass to obtain kg N ha
for each treatment and found that the first year after fire, the difference between the unburned and summer burned (in no nutrient addition treatments) was 9.65 ± 18.97 kg ha −1 (mean ± st. dev). After the first year, the difference between the unburned and summer burned was larger, on average 50.4 kg ha −1 . This value suggests that the amount of N lost to the fire can be highly variable, potentially explaining why experimental N additions did not offset the loss. Another possible explanation is that C4 subtropical grasslands may be particularly vulnerable to N loss during prescribed fires because they retain a relatively large proportion of N in the aboveground biomass (Menaut et al. 1992) . Percent N in litter, live tissue and standing dead was relatively high at 0.97%, 0.75% and 0.57%, respectively. Plots exposed to prescribed fires had less litter and standing dead suggesting that burning of these tissues is an important pathway of N loss in this grassland. Fire reduced standing dead and litter and wet season burning was especially effective at reducing standing dead. The reduction of standing dead and litter by fire has been found to increase productivity in tallgrass prairie (Knapp and Seastedt 1986 ). In our study, reduction of standing dead and litter did not lead to increases in live biomass in burned plots, because unburned plots had a large amount of biomass in a woody forb (E. capillifolium) and a large bunchgrass (A. virginicus).
We expected that C4 grasses would not respond to nutrient addition because they are known to have high N-use efficiency (Blair 1997; Seastedt et al. 1991) and that nutrient addition would cause a shift from C4 grasses to other species (Wedin and Tilman 1996) . In our system, there was a lack of productive C3 grasses to replace C4 grasses under higher nutrient conditions, and what we observed with nutrient addition was a decrease in C4 grasses and an increase in woody forbs. We found that live biomass was co-limited by N + P, but that the two species that increased with N + P, Eupatorium capillifolium and Euthamia graminifolia were both undesirable from Figure 6 : aboveground biomass of grasses, forbs and two woody herbaceous species (Eupatorium capillifolium and Euthamia graminifolia) in the ninth year following experiment initiation. Unburned plots (UB) had higher biomass of E. capillifolium than other treatments and dry season (DS) burned plots had higher biomass of E. graminifolia. Wet season (WS) burned plots were dominated by grasses and forbs. Data are means ± SE (n = 4 for each treatment).
the perspective of maintaining grassland structure. In addition, one grass species, Andropogon virginicus was observed to be negatively affected by prescribed fire and nutrient addition. Although Andropogon is a desired genus in this ecosystem, Andropogon virginicus var. virginicus is considered a weedy bunchgrass that is known to form vast monocultures (Sellers and Ferrell 2009) . Nitrogen addition has been proposed as a potential control mechanism for A. virginicus, but at least in ungrazed areas our data suggest that both prescribed fire and nutrient addition would be required to reduce cover of this species.
In conclusion, our results show that prescribed fire during the wet season is essential to prevent or limit the cover of woody species in semi-native grasslands where grazing has been removed. Prescribed fire promoted desirable C4 grasses such as P. longifolium while unburned plots had greater cover of the weedy A. virginicus. Season of prescribed fire had an important influence on species composition, and selected different forb communities, indicating that season of burn can be used as an important tool for managing species composition in the absence of grazing. Annual prescribed fire promoted N loss from the system by reducing standing dead and litter, but maintained desirable biomass of grasses in the long-term.
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